1. Introduction {#sec1-foods-09-01098}
===============

Cactus (*Opuntia ficus-indica*) is a robust plant belonging to the family *Cactaceae*, originally coming from the arid and semi-arid areas of Mexico. The plant was introduced in North Africa around the 16th century \[[@B1-foods-09-01098]\]. Today, more than 250 different species are known and distributed in many areas of the world such as America, Africa, but also the Mediterranean Europe, India, and the Middle East \[[@B2-foods-09-01098],[@B3-foods-09-01098]\]. In Morocco, especially in areas with limited access to water, the cultivation of cactus plants can play an important role because it is a suitable species for sustainable agriculture and can help to protect the soil against erosion and to fight against the spread of the desert, slows down the decline of fertile soil, and ensures biodiversity. The plant becomes more and more economically important but remains very little exploited. Today, mainly cactus fruits, also called prickly pears, have become very popular for different purposes such as foods, cosmetics, and pharmaceuticals. This generates an income for farmers and local persons in rural areas of Morocco and therefore plays an important socio-economic role and contributes to a sustainable development in rural areas.

Cactus plants occupy an area of over one hundred thousand hectares in Morocco, with a national fruit production estimated as about 1.1 million tons, of which 24% come from Kelaa Sraghnas, 24% from Tiznit, 19% from Guelmim, and 5% from Chtouka Ait Baha. The annual production of cactus fruits can reach 50 tons/hectare \[[@B4-foods-09-01098],[@B5-foods-09-01098]\]. *Opuntia ficus-indica* is the most cultivated species of the genera Opuntia and it can be found almost everywhere in Morocco. The cultivation of *O. ficus-indica* is low in investment and it can generate an important income by using the different parts of the plant for the preparation of food for human nutrition.

Cactus fruit (prickly pear) is a many-seeded berry with a thick peel which includes the flavored seed-rich pulp. The fruit contains around 300 seeds \[[@B6-foods-09-01098]\] and the weight of the seeds can be between 30 and 40% of the dried fruit \[[@B7-foods-09-01098]\]. Until recently, these seeds were discarded as waste, although this by-product is an important source for an valuable oil and also the press cake is usable in human nutrition or animal feed \[[@B8-foods-09-01098],[@B9-foods-09-01098]\]. The further use of the seeds allows, on one side, to reduce the amount of waste and improves the waste management, and on the other side, a sustainable comprehensive use of fruits becomes possible. At present, cactus seed oil has been presented as a new ingredient in the field of the high-value cosmetic ingredients primarily due to its specific chemical composition ideal for cosmetic applications \[[@B10-foods-09-01098],[@B11-foods-09-01098],[@B12-foods-09-01098]\].

The cactus seeds are small with a weight between 15 and 20 mg \[[@B13-foods-09-01098]\] and a low oil content between 5 and 15%, compared to conventionally used oil seeds such as rapeseed (45%) or sunflower seed (20%), but a valuable fatty acid composition with linoleic acid as the main component \[[@B14-foods-09-01098],[@B15-foods-09-01098]\]. The oil obtained from the seeds by screw-pressing and filtration for the clean-up is mainly used in cosmetics due to the high price and the time-consuming and laborious process of production resulting from the small kernels. On the other side, the oil is also suitable for human consumption, with a fatty acid composition similar to sunflower oil and γ-tocopherol as the main antioxidant compound \[[@B11-foods-09-01098],[@B16-foods-09-01098]\]. The most important group among the minor components of cactus are phenolic compounds that may act as antioxidants against oxidative damage but are also described as compounds with a positive effect on health \[[@B17-foods-09-01098],[@B18-foods-09-01098]\]. Phenolic compounds are strongly correlated to the antioxidant activity and several reports showed a linear correlation between antioxidant activity and the content of phenolic compounds. For the phenolic compounds, several positive health effects have been described including anticancer \[[@B19-foods-09-01098],[@B20-foods-09-01098]\], antimutagenic \[[@B21-foods-09-01098]\], antimicrobial \[[@B22-foods-09-01098]\], antidiabetic \[[@B23-foods-09-01098]\], and anti-inflammatory \[[@B24-foods-09-01098]\] properties. Therefore, the knowledge of the composition of phenolic compounds in cactus seed oil is of great interest.

Over the last years, there has been an abundance of scientific papers on cactus pear and especially the seeds were identified as raw material with high amounts of phenolic compounds \[[@B7-foods-09-01098],[@B25-foods-09-01098],[@B26-foods-09-01098]\], underlining the interest in the numerous properties (both its bioactivity and coloring potential) of this plant species, well adapted to extreme growing conditions in arid and semi-arid zones. However, no information is available regarding the content and composition of phenolic compounds extracted from the oil during cold-pressing of cactus seeds.

Therefore, the aim of the present work was to characterize, for the first time, the phenolic compounds extracted from cactus seed oil obtained from six different geographical origins in Morocco. In the future, this information could be used to verify the authenticity of cactus seed oil similar to other vegetable oils. Results already published for the composition of phenolic compounds in fruits or seeds are of limited use only, since during oil extraction, most of the phenolic compounds remain in the press cake, resulting in a shift in the composition of the phenolic compounds. In addition, the effect of roasting seeds at 110 ± 5 °C for 10 to 40 min on the content of phenolic compounds was investigated. Roasting of seeds is a common procedure for many different kinds of oilseeds to give the oil a pleasant taste and smell. Examples are roasting of rapeseed, sesame seeds, argan almonds, etc. Depending on the roasting conditions, Maillard reaction products are formed that are perceived positively by the consumer. Therefore, the aim of the present work was to get an idea about the fate of phenolic compounds as a result of roasting.

2. Materials and Methods {#sec2-foods-09-01098}
========================

2.1. Samples {#sec2dot1-foods-09-01098}
------------

Cactus seeds used for this investigation were harvested between June and August 2017 at different locations in Morocco: Bejaad (32°46′15″ N, 6°23′28″ W; elevation: 680 m), Ait Baha (30°4′7.9″ N, 9°9′10″ W; elevation: 604 m), Rhamna (32°28′12″ N, 7°57′29″ W; elevation: 491 m), Tiznit (29°42′1″ N, 9°43′43″ W; elevation: 252 m), Houciema (35°14′41″ N, 3°55′60″ W, elevation: 133 m), and Sidi Ifni (29°22′45″ N, 10°10′17.6″ W; elevation: 0 m) ([Figure 1](#foods-09-01098-f001){ref-type="fig"}).

For the study of the effect of roasting on the content and composition of phenolic compounds, only seeds from Sidi Ifni were used. Roasting was carried out at 110 ± 5 °C for 10, 20, 30, or 40 min using a roaster with continuous mixing of the material. The temperature was monitored using a Testo 945 thermometer sensor (Testo, Casablanca, Morocco). The extraction of the oil was carried out using a CA59 G screw press (IBG Monforts GmbH & Co., Mönchengladbach, Germany). After extraction, the oil was left in the fridge over night to allow plant particles to settle. Afterwards, the oil was centrifuged for 15 min at 3000 rpm and the oil was separated from the sediment. The purified oil was stored in the fridge (4 °C) until analysis.

2.2. Reagents {#sec2dot2-foods-09-01098}
-------------

As analytical standards for the identification of the distinct phenolic compounds in cold pressed cactus seed oil samples, the following compounds were purchased from Sigma-Aldrich (St. Louis, MO, USA): 4-hydroxy benzaldehyde, vanillin, syringaldehyde, *p*-coumaric acid, ferulic acid, ferulaldehyde, and *p*-coumaric acid ethyl ester. HPLC grade methanol (Baker, Avantor Performance Materials Poland S.A.) was used for the extraction of the phenolic compounds from cactus seed oil samples and as mobile phase for the HPLC. Phosphoric acid, acetonitrile, and formic acid for the mobile phase were supplied from Sigma-Aldrich (St. Louis, MO, USA). For the isolation of lignin from cactus seeds, toluene was purchased from Th. Geyer (Renningen, Germany), technical ethanol was distilled, and sulfuric acid was obtained from Merck (Darmstadt, Germany).

2.3. Extraction of Phenolic Compounds {#sec2dot3-foods-09-01098}
-------------------------------------

The extraction of phenolic compounds from cactus seed oil was carried out by liquid--liquid extraction. In brief, 2 g of sample material were exactly weighed into a 10 mL glass tube, after adding 5 mL of MeOH/H~2~O (80/20 (v/v)), the sample was shaken for 1 min (Vortex, 1500 Mot/min), then centrifuged for 15 min at 3000 rpm. After centrifugation, the methanol phase was removed by a pasteur pipette, and the solvent transferred to a new flask. The extraction process was repeated a second time with the remaining part of oil for a comprehensive extraction of the oil. The second extract was combined with the first one. Finally, the solvent of the combined extract was removed under nitrogen at 40 °C, and then the residue was dissolved in 500 μL MeOH/H~2~O (50/50 (v/v)). The dissolved extract was shaken for 1 min (Vortex (1500 Mot/min)), filtrated through a syringe filter (PTFE 0.2 μm, WICOM Germany GmbH, Heppenheim, Germany), and then transferred in a vial to be injected in the HPLC-DAD or HPLC-ESI-qToF-MS system.

2.4. HPLC-DAD Analysis {#sec2dot4-foods-09-01098}
----------------------

The analysis of phenolic compounds extracted from cold pressed cactus seed oil was performed using a HPLC-DAD system (VWR, Hitachi, Darmstadt, Germany), equipped with a reversed phase C18 column (250 × 4 mm, i.d. 5 μm, LichroCART, Lichrospher, Merck, Darmstadt, Germany). During the analysis, the column temperature was set to 40 °C. The mobile phase degassed by ultrasonic treatment was A: water/phosphoric acid (99.5/0.5, (v/v)) and B: methanol/acetonitrile (1/1, (v/v)). The composition of the gradient was: 5% of B at the beginning (0 min) and then changed to obtain 30%, 38%, 45%, 52.5%, 100% and 5% B at 15, 30, 40, 45, 50, and 60.1 min, respectively, in a total run time of 65 min.

The flow rate was 1 mL/min and the injection volume was 20 μL. The detection was conducted on a diode array detector L-2455 (Merck-Hitachi, Darmstadt, Germany) at the wavelengths 280, 310, and 335 nm. EZ Chrom Elite (VWR International GmbH, Darmstadt, Germany) was used as software for the acquisition and evaluation of the data.

2.5. HPLC-ESI-qToF-MS Analysis {#sec2dot5-foods-09-01098}
------------------------------

The analysis of the polar extract by a high-performance liquid chromatography-electrospray ionization-quadruple time of flight mass spectrometer (HPLC-ESI-qToF-MS) was made with a HPLC UltiMate 3000 (Thermo Fisher Scientific, Sunnyvale, CA, USA) equipped with an autosampler, in which the samples were stored at 5 °C. Separation was carried out at 40 °C with a 150 mm × 2.1 mm, 1.7 μm Kinetex column EVO C18 (Phenomenex, Torrance, CA, USA). The mobile phase was A = water with 0.01% HCOOH and B = MeOH with 0.01% HCOOH. The percentage of organic modifier (B) was changed as follows: 0 min, 10%; 5 min, 30%; 14 min, 60%; 14.50 min, 70%; 14.51 min, 100%; 16.00 min, 100%; 16.01 min, 10% in a total run time of 18 min. The injected volume was 10 μL. The detection was conducted on a Maxis Impact HD (Bruker Daltonik, Bremen, Germany) in MS/MS (broadband collision induced dissociation (bbCID)) mode following negative electrospray ionization and additionally the diode array detector was used at the wavelength 235, 280, and 335 nm. Nitrogen was used as a desolvation gas and nebulizing gas. MS data were acquired over an m/z range of 50--1000. The values of the other parameters were set in the following way: capillary voltage 3000 V; drying gas temperature 200 °C; dry gas flow 8 L/min; nebulizing gas pressure 2 bar and a plate offset −500 V. A calibration solution of sodium formate (10 mM) was infused to the MS for the first 0.5 min of every run (flow: 0.18 μL/min).

Compass of Series 1.7 package was used as software for the acquisition of the data. After every ten injections, a blank MeOH/H~2~O (10/90 (v/v)) was used to check the presence of contaminations in the system.

2.6. Isolation of Klason Lignin from Cactus Seed {#sec2dot6-foods-09-01098}
------------------------------------------------

For the extraction of Klason lignin from cactus seeds, the following method was used with some modifications \[[@B27-foods-09-01098],[@B28-foods-09-01098]\]. In brief, 20 g of cactus seeds were used for the successive extraction with three different solvents in a Soxhlet apparatus with 200 mL of solvent each: 1st extraction with an ethanol-toluene mixture (1:2, v/v) (12 h); 2nd extraction with ethanol (12 h); 3rd extraction with water (12 h). The samples were then dried for 2 days in a hood at room temperature and then in an oven at 40 °C for 24 h. The final residue obtained is called "parietal residue".

Then, 3 g of the parietal residue was placed in the presence of 40 mL of 72% H~2~SO~4~ (w/w), in a 100 mL beaker for hydrolysis. After mixing the solvent with the solid material using a glass rod, the hydrolysis container was left at room temperature for 2 h, with manual stirring with the glass rod at regular intervals. For post-hydrolysis, the suspension was diluted with distilled water, to bring the solution to a concentration of 3% in H~2~SO~4~. The mixture was then boiled under reflux for 3 h. After cooling, the solution was filtered on a crucible with a previously tared filter and washed until the filtrate was pH neutral. The insoluble residue was washed with distilled water in a Twisselmann apparatus for 2 h and then dried in an oven at 40 °C overnight. The final residue is called Klason lignin.

One part of the Klason lignin was heated for 40 min at 105 °C and the other part not, then both residues were extracted according to the same extraction method used for extraction of phenolic compounds from cactus seed oil. Finally, the extract was injected in the HPLC-DAD (0.5 g of extract in 250 µL MeOH/H2O (50/50, (v/v), 20 μL injection volume).

2.7. Data Analysis {#sec2dot7-foods-09-01098}
------------------

The analysis of the HPLC-ESI-qToF data was performed by using Data Analysis (Bruker). The mass to charge ratio (m/z) of the molecular ion peak \[M-H\]^−^ of the questionable compounds was identified with the help of the MS spectra. The software tool "3D smart formula" was used to calculate potential sum formulas. A database of phenolic compounds called Phenols Explorer (INRA, Paris, France) was used to identify phenolic compounds that have the same formula.

EZ Chrom Elite was used for evaluation and integration of the peaks obtained by HPLC-DAD analysis. Identification of the components was done by comparison of retention time and UV spectra with that of the analytical standards which were chosen based on the assumptions received from the HPLC-ESI-ToF-MS experiments.

For the quantitative analysis, the samples were analyzed in triplicate, exception for lignin in duplicate, the results were expressed as mean ± standard deviation. Quantification was carried out by external calibration. 4-hydroxy benzaldehyde, vanillin, syringaldehyde, *p*-coumaric acid, ferulic acid, and ferulaldehyde in a concentration of 0.3 mg/L, 1.0 mg/L, 2.5 mg/L, 5.0 mg/L, 10.0 mg/L, 15.0 mg/L, 25.0 mg/L, and 50.0 mg/L were used for the calibration. Quantification of *p*-coumaric acid ethyl ester was done by use of a calibration curve prepared of *p*-coumaric acid.

2.8. Statistical Analysis {#sec2dot8-foods-09-01098}
-------------------------

The statistical analysis of the results obtained from cactus seed oil from roasted seeds was carried out by one-way ANOVA followed by Tukey--Kramer post-hoc test, *p* \< 0.05 were considered as significant (JMP 14.3.0, SAS Institute Inc., Cary, North Carolina, USA). For the comparison of Klason lignin without and after heat treatment, unpaired Student's-*t* test was applied.

3. Results and Discussion {#sec3-foods-09-01098}
=========================

3.1. Phenolic Compounds {#sec3dot1-foods-09-01098}
-----------------------

Natural phenolic compounds have received increasing interest in the last years. They are constituted in one of the biggest and widely distributed groups of secondary metabolites present in plant material, stressing among them the flavonoids, tannins, chalcones, coumarins, and phenolic acids.

Another interesting aspect is the use of minor components such as phenolic compounds for the verification of authentication of vegetable oils \[[@B29-foods-09-01098]\]. Especially, expensive oils like cactus seed oil are suspicious to be subjected to different kinds of food fraud. Different types of vegetable oils have very characteristic fingerprints of phenolic compound patterns that can be used to differentiate different oils, mixtures of oils, but also identify the origin of oils \[[@B30-foods-09-01098],[@B31-foods-09-01098]\]. Therefore, it is necessary to know more about the composition of phenolic compounds in cactus seed oil. Several papers on the composition of fruits and seeds are known, but these results are not transferable to the oil, because during oil extraction by a screw press, the major part of the phenolic compounds remains in the press cake and thus the composition in the oil is significantly different.

Recently, research has been directed towards natural antioxidants in the seeds of *O. ficus-indica* which were shown to be rich in polyphenols, flavonoids, and tannins with a higher concentrations of those molecules than in the fruit pulp \[[@B7-foods-09-01098]\].

In order to identify phenolic compounds present in the oil, the qualitative analysis of *O. ficus-indica* seed oil was performed by HPLC-DAD and HPLC-ESI-qToF-MS. A typical HPLC-DAD chromatogram of cactus seed oil is shown in [Figure 2](#foods-09-01098-f002){ref-type="fig"}. As it is often not possible to identify compounds only by the help of the UV-spectra, the information derived by the MS and MS/MS spectra was additionally used to develop suggestions for the structure of the observed signals. Finally, the suggestions were verified by the analysis of the distinct reference standards. As an example, the MS and MS/ MS spectra of ferulaldehyde showed that the most abundant signal at the retention time of 7.3 min was m/z = 353.1. According to the 3D formula tool, possible formulas were found to be C~10~H~10~O~3~ or C~20~H~18~O~6~. Based on this sum formula, potential phenolic compounds were identified with the Phenol explorer database as ferulaldehyde, mellein, sesamine, or episesamine. Based on the MS/MS and UV-spectra of the potential compounds, the most probable assumption was found to be ferulaldehyde. For that, the analytical reference standard of ferulaldehyde was injected in HPLC-DAD and the retention time and UV spectra were compared with those of the peak, which finally fitted to each other. Therefore, the presence of ferulaldehyde in cactus seed oil could finally be concluded. This approach allowed to identify seven phenolic compounds ([Figure 3](#foods-09-01098-f003){ref-type="fig"}) belonging to three families: hydroxybenzaldehyde derivates (4-hydroxy benzaldehyde, vanillin, syringaldehyde), hydroxyl cinnamic acid derivates (*p*-coumaric acid, *p*-coumaric acid ethyl ester, ferulic acid), and hydroxyl cinamaldehyde derivates (ferulaldehyde).

To the best of our knowledge, no information is available about the composition and the concentration of phenolic compounds in cactus seed oil. Therefore, in the following, other publications dealing with the composition of phenolic compounds from cactus seeds and fruits were used. Zenteno-Ramirez et al. \[[@B32-foods-09-01098]\] found gallic acid, syringic acid, and ellagic acid as main phenolic acids in lyophilized juices of 10 prickly pear variants, with gallic acid as the predominant component. None of these compounds were found in the present investigation in the oil. They also found in the juice, higher amounts of flavan-3-ol derivatives, such as catechin, epicatechin, procyanidin B1, and Procyanidin B2. Kivrak et al. \[[@B33-foods-09-01098]\] found 19 phenolic compounds in fruits of *O. ficus-barbarica*, A. Berger and *O. robusta*, J.C. Wendl with highest amounts for ferulic acid (26.9 and 31.6 mg/kg) and *p*-coumaric acid (8.6 mg/kg) in *O. ficus-barbarica*. In contrast to these results, Kim et al. \[[@B34-foods-09-01098]\] isolated nine flavonoids and four simple phenolic glycosides from *O. ficus-indica fruits*, such as 1-O-feruloyl-β-D-glucopyranoside, isorhamnetin 3-O-β-D-glucopyranoside, kaempferol 3-methyl ether, kaempferol, or quercetin. All these compounds are only limited soluble in the oil. The absence of these compounds in oil can be explained by the fact that some of them are glycosides that more likely remain in the press cake instead of being extracted in the oil due to the higher polarity of the compounds. Santos et al. \[[@B35-foods-09-01098]\] extracted the cladode peels of *O. ficus-indica* with a mixture of alcohol and water and finally identified fifteen compounds in the resulting extract such as methyl, glycosylated and aglycone quercetin derivatives, and aglycone and glycosylated kaempferol derivatives. It can be assumed that most of these compounds are soluble in the oil due to their structure. Only small amounts of vanillin and *p*-coumaric acid were found by Allai et al. \[[@B36-foods-09-01098]\] in cladodes of *O. ficus-indica* collected from the Moroccan Settat region after extraction with ethanol or acetone, respectively. The main phenolic compounds identified in the extracts were quinic acid and malic acid, as well as some flavonoids such as rutin, quercitin, or kampferol.

There are limited publications about the identification of phenolic compounds from *O. ficus-indica* seeds. Chougui et al. \[[@B7-foods-09-01098]\] identified feruloyl derivatives, mainly glycosides and sinapoyl-diglucoside. These compounds are more water soluble due to at least one sugar moiety and therefore should mainly remain in the press cake during oil processing. However, hydrolysis as a result of the pressing process could led to the formation of the aglycons. Thus, the detection of ferulic acid and ferulaldehyde in the seed oil is in line with these previously described observations of feruloyl derivates in the seeds. Isorhamnetin was identified by Chahdoura et al. \[[@B37-foods-09-01098]\] in *Opuntia microdasys* seeds from Tunisia. The compound belongs to the group of flavonoids. Tounsi et al. \[[@B25-foods-09-01098]\] detected in methanolic macerate as major compounds of cactus seeds of ripe fruits catechin (61.0%) and rutin (10.1%). Both compounds are soluble in methanolic solution but not in the oil. Therefore, these compounds were probably not found in the present investigation.

3.2. Investigation of Phenolic Compounds of Cactus Seed Oil by Region {#sec3dot2-foods-09-01098}
---------------------------------------------------------------------

The amount of seven phenolic compounds identified in cactus seed oils from seeds of different regions of Morocco was determined and the results are shown in [Table 1](#foods-09-01098-t001){ref-type="table"}. The results obtained show that the major phenolic compounds in all oils from different regions were vanillin, syringaldehyde, and ferulaldehyde. The highest amount of those compounds was found in Bejaad (32.4, 12.3, and 5.7 mg/kg, respectively), followed by Sidi Ifni (18.5, 8.3, and 4.6 mg/kg, respectively). In addition, the oils from both locations (Bajaad and Sidi Ifni) are characterized by a significant higher amount of vanillin and 4-OH benzaldehyde in comparison to the oils from the other locations ([Table 1](#foods-09-01098-t001){ref-type="table"}). On the other hand, oil from Bejaad also contained a significant higher amount of syringaldehyde. The amount of the other compounds in the oils was comparable. The differences in the composition of cactus seed oils from different locations may be mainly attributed to genetic diversity, weather conditions, the harvest season, storage conditions, or processing, because these factors strongly affect the profiles of secondary metabolites \[[@B38-foods-09-01098]\].

Despite significant differences between oils of some locations, a final statement whether those compounds are characteristic for different regions is difficult in the current stage of the investigation as only one sample per region was analyzed. For this, more and different samples from those regions are needed to be investigated. However, all analyzed oils from the different locations show a very similar pattern of phenolic compounds that could serve as a fingerprint to ensure the authenticity of cactus seed oil.

Interesting is the high content of vanillin in cactus seed oil obtained from seeds cultivated in Bejaad and Sidi-Ifni. Vanillin is one of the most important edible flavors, but some studies show that vanillin may also act as an antioxidant in complex foods containing polyunsaturated fatty acids \[[@B39-foods-09-01098]\]. Moreover, syringaldehyde is one of the less explored phenolic compounds, and so far, there is little information on its antimicrobial activity, as well as its other properties. Ferulic acid and ferulaldehyde are potential end-products of dietary polyphenol degradation \[[@B40-foods-09-01098],[@B41-foods-09-01098]\]. Furthermore, ferulic acid was reported to stay in the blood longer than other antioxidants such as vitamin C, and have higher bioavailability \[[@B40-foods-09-01098]\]. Due to the structural similarity between ferulic acid and ferulaldehyde, and the presence of the reactive aldehyde group (which can be easily oxidized to a carboxylic group), ferulaldehyde is thought to have very similar or maybe better biological activity as ferulic acid \[[@B42-foods-09-01098]\].

3.3. Investigation of Phenolic Compounds of Cactus Seed Oil Obtained from Seeds Roasted for Different Times {#sec3dot3-foods-09-01098}
-----------------------------------------------------------------------------------------------------------

The samples from the roasting process were analyzed to determine the effect of the roasting time on the amount of phenolic compounds identified. The results obtained are shown in [Figure 4](#foods-09-01098-f004){ref-type="fig"}.

The statistical test shows that the roasting time has no influence on the amount of vanillin in the oil but with increasing roasting time, the amount of syringaldehyde, *p*-coumaric acid, ferulaldehyde, and *p*-coumaric acid ethyl ester in cactus seed oil increased. The increase of phenolic compounds in cactus seed oil resulting from roasting from 0 to 40 min at 110 °C led to amounts between 8.3 ± 2.2 and 25.4 ± 2.5 mg/kg (syringaldehyde), 1.3 ± 0.2 and 9.7 ± 1.5 mg/kg (*p*-coumaric acid), and 4.6 ± 2.8 and 76.3 ± 6.4 mg/kg (ferulaldehyde) and 0.2 ± 0.2 and 3.1 ± 0.2 mg/kg (*p*-coumaric acid ethyl ester). The most significant increase for syringadehyde and ferulaldehyde was found for a roasting time of 30 and 40 min, respectively, while for *p*-coumaric acid and *p*-coumaric acid ethyl ester, a significant increase was found at a roasting time of 40 min.

The increase of the concentration of those phenolic compounds during roasting might be explained by heat-catalyzed hydrolytic reaction of its native esterified or bound forms liberating into free forms. Naturally, polyphenols occur as in both free and bound forms \[[@B43-foods-09-01098]\]. Some processing methods such as roasting have been shown to increase the amount of phenolic compounds probably due to releasing free phenolic compounds from the bound forms and coupled with formation of Maillard reaction products due to roasting effects \[[@B43-foods-09-01098]\]. Further, the disruption of the cell wall through heating or by the breakdown of insoluble phenolic compounds as function of thermal treatments could lead to a better extractability of phenolic compounds \[[@B43-foods-09-01098]\]. This explanation is supported by the composition of the phenolic compounds of the oil. Lignin is mainly composed of *p*-coumaril, coniferyl (= feruloyl), and sinapyl units \[[@B44-foods-09-01098]\]. It might be that the increase of phenolic compounds during roasting is attributed to thermal degradation of lignin.

Some studies on the effect of roasting on the content of phenolic compounds and antioxidant activities of whole cashew nuts, kernels, and testa show that the content of phenolic compounds increased with increasing temperature \[[@B45-foods-09-01098]\]. The same results were found for roasting of sesame seeds at 200 °C for 60 min and also for pumpkin seed oil, that show a significant increase of total phenolic compounds due to the roasting process \[[@B45-foods-09-01098],[@B46-foods-09-01098]\]. For proso millet (*Panicum miliaceum*), Han et al. \[[@B47-foods-09-01098]\] also showed that roasting increased the content of phenolic compounds.

It can be concluded that the roasting process can be used to increase the amount of some phenolic compounds in cactus seed oil. That might lead to an increase of the antioxidant activity of the formed compounds. Finally, this could result in an efficient ways to prevent lipid oxidation. Further investigations, especially to the effect of roasting on the antioxidant activity of cactus seed oil, are necessary.

3.4. Release of Phenolic Compounds from Cactus Seeds during Roasting {#sec3dot4-foods-09-01098}
--------------------------------------------------------------------

Lignin constitutes, after cellulose, the second biopolymer most abundant terrestrial, approximately 30% of the organic carbon in the biosphere \[[@B48-foods-09-01098]\]. Lignin is a phenolic biopolymer derived from hydroxy cinnamyl alcohols that differ in their degree of methoxylation: *p*-coumaryl, coniferyl, and sinapyl alcohols. It is formed under simple chemical control by bimolecular radical coupling reactions and its structure is highly dependent on the nature of monolignols and the cellular characteristics of the lignified tissue \[[@B49-foods-09-01098]\].

The aim of the isolation of Klason lignin from cactus seeds was to study the effect of thermal treatment on the degradation of lignin and the formation of free phenolic compounds. This should help to explain the increase of some phenolic compounds during roasting. The results obtained show, in [Figure 5](#foods-09-01098-f005){ref-type="fig"}, an increase of the phenolic compounds due to the thermal treatment.

A significant increase of the phenolic compounds extracted from thermal treated Klason lignin from cactus seeds in comparison to untreated Klason lignin was revealed for all phenols except for *p*-coumaric acid ethyl ester, of which increase was not found to be significant. From this, it can be concluded that the increase of those phenolic compounds in the oil from roasted seeds is due to the thermal degradation of lignin. A remarkable increase was observed especially for vanillin, ferulaldehyde, and syringaldehyde. This result is in accordance with the literature, which shows that a dehydration of the lignin structure results in pyrolysis products with unsaturated side chains, such as vanillin and vanillic acid, coniferyl-(cis-trans) and dihydroconiferyl alcohol, coniferaldehyde and sinapaldehyde, *p*-hydroxycinnamic alcohols \[[@B44-foods-09-01098]\]. Another study on the thermal degradation of softwood and hardwood lignin revealed that guaiacol-type and syringol-type compounds are the dominant products for both two lignins at lower temperature, while the amount of phenol-type compounds, catechol-type compounds, and aromatic hydrocarbons was notably increased at an elevated temperature \[[@B50-foods-09-01098]\].

4. Conclusions {#sec4-foods-09-01098}
==============

During the last decade, growing interest in *Opuntia ficus-indica* has resulted in a large number of scientific papers. For the best of our knowledge, all of those studies dealt with fruits or seeds of the prickly pear. However, there are only few studies taking the cactus seed oil into account.

In this study, *O. ficus-indica* seed oil from six regions of Morocco and from different roasting times was used for the first time to investigate the phenolic compounds and the effect of roasting on its amount. The composition of phenolic compounds of cactus seed oil is mainly characterized by vanillin, syringaldehyde, and ferulaldehyde, with some influence of the location on the content of phenolic compounds. The pattern of the phenolic compounds is comparable between the oils from seeds obtained from different locations. Therefore, it would be very useful to further investigate the application of a fingerprint of phenolic compounds from cactus seed oil to detect adulteration of this very expensive vegetable oil. For this, a larger number of samples of cactus seed oil has to be investigated regarding the composition and the pattern of phenolic compounds.

Mild roasting of the seeds increases the total content of the phenolic compounds extracted with the oil from the seeds. After the roasting process, higher amounts of *p*-coumaric acid ethyl ester, vanillin, feruladehyde, *p*-coumaric acid, and syringaldehyde were found in the oil. The results of the present paper show that this increase in phenolic compounds may be attributed to the thermal degradation of lignin located especially in the shell of the seeds.
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![Location of the evaluated cactus seed sites of production in Morocco.](foods-09-01098-g001){#foods-09-01098-f001}

![Chromatogram of a cactus seed oil sample. (1) 4-hydroxy benzaldehyde; (2) vanillin; (3) syringaldehyde; (4) *p*-coumaric acid; (5) ferulic acid; (6) ferulaldehyde; (7) *p*-coumaric acid ethyl ester. Compounds with numbers within brackets were quantified with another wavelength.](foods-09-01098-g002){#foods-09-01098-f002}

![Structural formulas of phenolic compounds identified in cactus seed oil.](foods-09-01098-g003){#foods-09-01098-f003}

![Changes of phenolic compounds composition during roasting process shown as concentration in mg/kg (mean ± SD, analytical replicate = 3). Values with different letters for each compound are significantly different in comparison to the other time points by applying Tukey--Kramer HSD test (*p* \< 0.05).](foods-09-01098-g004){#foods-09-01098-f004}

![Changes of phenolic compounds composition during thermal treatment (40 min at 105 °C) of isolated Klason lignin from cactus seeds, shown as concentration in mg/kg (mean ± SD, *n* = 2). Statistically significant differences between Klason lignin without and after heat-treatment were determined by unpaired Student's-t test (\* *p* \< 0.05, \*\* *p* \< 0.01, \*\*\* *p* \< 0.001).](foods-09-01098-g005){#foods-09-01098-f005}
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Phenolic compounds composition of cactus seed oil from different region of Morocco expressed in mg/kg and shown as mean ± SD (*n* = 3). Statistical difference was determined by one-way ANOVA followed by Tukey post-hoc test. Different letters in the same line comparing the regions represent statistically significant results at 95% confidence interval.

  Compound                        Houceima           Bejaad            Rhamna             Ait Baha           Tiznit             Sidi Ifni
  ------------------------------- ------------------ ----------------- ------------------ ------------------ ------------------ -----------------
  4-OH benzaldehyde               1.1 ± 0.01 ^b,c^   3.7 ± 0.05 ^a^    1.4 ± 0.01 ^b^     0.9 ± 0.02 ^c^     1.0 ± 0.01 ^b,c^   3.8 ± 0.37 ^a^
  vanillin                        6.7 ± 0.03 ^c^     32.4 ± 0.68 ^a^   6.8 ± 0.02 ^c^     3.9 ± 0.04 ^c^     4.4 ± 0.05 ^c^     18.5 ± 4.33 ^b^
  syringaldehyde                  5.6 ± 0.06 ^c^     12.3 ± 0.14 ^a^   4.1 ± 0.05 ^c,d^   2.4 ± 0.19 ^d^     2.3 ± 0.02 ^d^     8.3 ± 2.16 ^b^
  *p*-coumaric acid               0.7 ± 0.01 ^c,d^   2.2 ± 0.04 ^a^    0.8 ± 0.02 ^c^     0.6 ± 0.11 ^c,d^   0.5 ± 0.01 ^d^     1.3 ± 0.16 ^b^
  ferulic acid                    0.7 ± 0.09 ^b^     1.0 ± 0.05 ^b^    1.1 ± 0.03 ^b^     0.7 ± 0.10 ^b^     0.9 ± 0.02 ^b^     2.4 ± 0.53 ^a^
  ferulaldehyde                   4.9 ± 0.04 ^a^     5.7 ± 0.04 ^a^    3.6 ± 0.01 ^a^     2.8 ± 0.02 ^a^     2.6 ± 0.03 ^a^     4.6 ± 2.84 ^a^
  *p*-coumaric acid ethyl ester   0.2 ± 0.12 ^a^     0.1 ± 0.02 ^a^    0.5 ± 0.15 ^a^     0.3 ± 0.23 ^a^     0.2 ± 0.12 ^a^     0.2 ± 0.18 ^a^
